The vome of isolated protoplasts of rye (Secale cereale L. cv Puma) in a suspending solution at constant concentration is shown to be neglgbly changed by tensions in the plasma membrane which approach that tension necessary to lyse them. This aflows a detailed investigation of the plasma membrane stress-strain relation by micropipette aspiration.
those of other membranes hitherto studied, and that particular mechanical properties may, in part, confer on a given protoplast its propensity to lyse during a given freeze-thaw cycle, or other cycle of osmotic contraction and expansion.
Previous experimental and theoretical studies of the mechanical properties of biological membranes have been almost exclusively of sea urchin eggs (4, 15) and RBC3 (16, 19, 24) and have usually considered only small or zero changes in area. The mechanical properties of RBC have been considered in several sophisticated analyses (3, 5) and the classical treatment of viscoelasticity has been extended to describe the SSR of RBC (6) . Tensions have been measured in the membranes of protoplasts from giant algal cells (12) but, as in Reference 15, changes in area were not reported.
Previously (28), we have reported briefly the measurement of the SSR of the plasma membrane of isolated rye protoplasts, using the elastimeter of Mitchison and Swann (15) . In this paper we report: (a) an analysis of the use of the elastimeter which demonstrates that, in this system, changes in area may be determined more accurately than in other systems hitherto studied; (b) measurements ofthe SSR ofthe protoplast plasma membrane including its resting tension, its elastic modulus, the time dependence of area changes caused by imposed constant tensions, and the change with time of the tension necessary to maintain a given deformation in area; and (c) a direct demonstration of the critical role of membrane contraction in lysis caused by osmotically induced contraction and expansion.
MATERIALS AND METHODS
Seedlings of rye (Secale cereale L. cv Puma) were grown as previously described (25) for 2 weeks at 20/15°C (day/night, 13- h photoperiod). Under these conditions, the seedlings did not cold acclimate and 50%o of the crowns survived a freeze-thaw cycle to -2°C. Protoplasts were enzymically isolated in 0.53 Osm sorbitol solutions (in which their average size is inferred to be approximately equal to that in vivo) using a method previously described (25) , except that the leaves were brushed with carborundum powder instead of being finely chopped prior to digestion. Protoplasts ranged in radius from 7 to 25 ,um in the 0.53 Osm suspending media. Except as noted, those with radii of 20 ± I ,um were routinely chosen for the experiments reported here.
The elastimeter of Mitchison and Swann (15) comprises a micropipette which abuts the cell and a manometer with which a negative pressure is applied (Fig. 1 ). Pipettes were made by pulling 1-mm diameter glass tubing on a commercial electrode puller. The tips were then snapped off and only those with a neat planar annulus to which the pipette axis was normal were retained. These pipettes were then very slightly annealed in a warm heating coil to seal any submicroscopic cracks and to allow the surface tension of the glass to blunt any sharp irregularities on a submicroscopic scale which otherwise might have impeded the movement of the membrane, but not to the extent that microscopically observable rounding of the edges occurred.
Pipettes were mounted on a micromanipulator and connected via a flexible tube to a manometer in parallel with two syringes, one of which was a micrometer syringe for fine pressure control (Fig. 1) . The manometer and the pipettes were loaded with a sorbitol solution of the same concentration as the cell suspension. All solution osmolalities were determined with a freezing point osmometer. In a few experiments, one drop of homogenized milk was added to 3 ml of the cell suspension. The fat globules were just resolvable and their uniform movement was used to indicate flow in the solution. With no obstruction in the pipette, the pressure was adjusted to produce no net movement ofthe globules; this pressure was used to establish the manometer reading for which P = 0 before and after each experiment. When a protoplast was on the pipette, movement of globules in the pipette would indicate a leak and no measurement would be taken. After some practice, it was possible to use the motion of a chloroplast from another (ruptured) protoplast to indicate any currents, and the milk was omitted.
Measurements were conducted 3 to 5 mm from the air-solution interface in a hemocytometer chamber 0.1 mm deep and with a volume of 9 
RESULTS

ANALYSIS OF THE USE OF THE ELASTIMETER
The elastimeter of Mitchison and Swann (15) comprises a micropipette which abuts a cell and to which a negative pressure is applied. The region of the membrane delimited by the pipette is distorted to produce a curvature larger than that in the rest of the membrane. From these curvatures and the pressure applied, the tension y, is obtained (15) from y = -P/(2/r -2/R)
where P is the pressure in the pipette, R the radius of the cell, and r the radius of the deformed section. (Pi) which is the result of osmotic concentrations which differ by AC. Pi = (RgT)AC where T is the (absolute) temperature and Rg the gas constant. If C is the external osmotic concentration and N the effective number of intracellular osmotic molecules, then AC = N/( V -b) -C, where b is the osmotically inactive volume. Because the volume at osmotic equilibrium, Ve = N/C + b, the amount by which the volume differs from an ideal osmometer is given by The constancy of volume has been tested for large deformations in the pipette using tensions approaching those which lyse the membrane. The geometry of the micropipette elastimeter (Fig. 2) is analyzed in Appendix 2, and expressions for the surface area and volume of a protoplast are given in terms of the radius of the pipette (a) and the variables d and D which are defmed in Figure  2 . Figure 3 plots 20 ,um (as in Fig. 4 ), error in AA calculated from Equation 3 is 10 pnm2.
Because the pipette constitutes a cylindrical lens and thus might be expected to cause an erroneous measurement of 2a when viewed in a direction perpendicular to its axis, its diameter was measured by observation along its axis with episcopic illumination. A more precise measurement was possible after it was established (see "Results") that protoplasts conserved their volume at constant concentration. Small protoplasts were slowly drawn completely into the pipette until their shape was cylindrical with hemispherical ends. From the length of this shape, the original spherical diameter, and simple geometry, the radius of the pipette could be calculated. Since the volume of the spherical protoplast can be determined ±5%, and the length of the rod-shaped protoplast can be measured ±0.5%, 2a can in principle be determined as ±3%. The rapid increase in tension to 2.00 mN m-' produced a change in area of about 1% which appeared to occur as quickly as the tension was increased, i.e. the area increased by 1% in rather less than 1 s from the time of application of the increased tension. This change was elastic: a negative area change of about the same magnitude was produced if the tension was lowered. The rapidity of this initial response indicates that, for periods of 1 s or more, the effects of the viscosity of the membrane may be neglected. Though the membrane may exhibit two-dimensional viscoelasticity in time scales much smaller than 1 s, for the periods considered here, the membrane behaves as a nonviscous two-dimensional fluid. The area continued to change with time after the increase in tension, but at a much slower rates. This area change may be considered 'plastic' in the sense that it was only very slowly reversed when the tension was relaxed. Time-dependent changes in the unstretched area are also indicated by the observation of the tension required to maintain a constant area. In these experiments, a large tension was applied, rapidly producing a small intrusion into the pipette. The pressure (and thus the tension) was adjusted with time to maintain the same value of £A and thus of A. Figure 5 shows a typical result. The tension decreases quickly at large tensions but the rate of decrease in tension decreases as the tension decreases. After 5 min, when the experiment ended, the tension was 600 ,uN m-1 and still decreasing. Though the pressure may be accurately measured, a larger error is introduced by the resolution error in AA. The error bars in this plot are therefore the largest change in tension which would not change AA perceptibly, calculated using the elastic modulus derived from the rapid initial deformation.
The Elastic Modulus. From the response of AA to a step change in tension (Figs. 4 and 5) , it is seen that the short term (seconds) change in area is predominantly elastic or reversible. To investigate this elastic response, the membranes of protoplasts were subjected to rapid expansion-contraction sequences and a stressstrain plot (y versus £A) produced. A typical result is shown in Figure 6 . This plot depicts a sequence of slow expansion, rapid contraction, slow expansion, and rapid contraction (the data were taken at 20-s intervals). During a contraction, the tension is low, and Figure 4 shows that at low tensions AA changes relatively slowly. Rapid contractions are therefore presumed predominantly elastic and are used to calculate the elastic modulus from kA = (8y/OA)-A. The mean value was 230 mN m-l and the sample SD was 50 mN m-' (n = 28). Whereas the large variation in measurements of yr principally represents the result of a large variation in yr among protoplasts, the sample SD in the measurements of kA is equal to that expected due to the limitation of optical resolution, as discussed previously.
Independent Manipulation of Volume and Area. Previous studies (22, 23, 25) have shown that to protoplasts isolated from a given tissue may be ascribed TSAI, expansion greater than which causes lysis and which quantitatively accounts for the incidence of injury in nonacclimated protoplasts subjected to a freeze-thaw cycle (25 Protoplasts allowed to contract without constraint on area contracted volumetrically over 10 to 30 s to an irregular flaccid shape. During the 5-min exposure to hypertonic conditions, the shape gradually became more regular, and in some cases returned apparently to sphericity. Of 20 protoplasts so transferred to 1.20 Osm hypertonic solution without constraint on area, 11 lysed on return to isotonic. The remaining nine protoplasts appeared to have very high membrane tensions when returned to isotonic: either their membranes were too taut to seal on the end of the pipette, or else they burst when negative pressures of a few hundred Pa were applied.
In contrast, when area was constrained by tension to remain constant by application of a negative pressure (resulting in intrusion ofthe plasma membrane into the micropipette during osmotic contraction), the protoplasts always survived the return to isotonic conditions (Fig. 7) . In both cases, the ratio of volume at isotonic to volume at hypertonic was in the range 1.8 to 2.0, as predicted by the Boyle-van't Hoff relation (23) . All protoplasts which survived return to isotonic regained their original volume to the accuracy of optical resolution.
These experiments led to an interesting observation: the intrusion was so large (50 Mtn < D < 120 ,m) that the vacuole was drawn into the pipette. The long thin cylindrical section of the vacuole usually divided spontaneously into several small vacuoles (volume ofthe order of 1000I m3). Sometimes when this happened, the remaining vacuole would seal the pipette entrance, thereby sustaining the bulk of the pressure applied in the pipette and relaxing the tension in the plasma membrane in the intrusion. Under these conditions, the intruding portion of the protoplast tended to squeeze off protoplasmic masses, usually containing a small vacuole, into the pipette. This process of subduction could be very clearly observed in the pipette. plasma membrane of isolated protoplasts may be described in terms of two paradigms, an elastic law and a surface energy law (28) . Over short periods of time (seconds), the amount of material in the plane of the membrane is conserved and deformations follow a simple elastic relation. Over long periods of time (minutes), the tension reverts to its resting value, independent of the induced change in area, and thus, the deformations follow a surface energy law. In contrast, most previous analyses of membrane SSR have employed an elastic or viscoelastic law, but the membrane studied is usually that of the RBC, an atypically rigid membrane (9) . (The mechanical properties of the RBC membrane are comprehensively reviewed by Evans and Skalak (6).) Since the suggestion that a membrane may obey both an elastic law and a surface energy law seems at first paradoxical, we shall discuss the manner in which these laws arise.
In a fluid mosaic membrane under no tension, the attractive and repulsive forces between membrane and water molecules are exactly balanced, and the area occupied by each molecule has that value which minimizes the free energy per molecule. If a tension stretches this membrane without changing the number of molecules in the membrane, then the area per molecule increases from that value. Because for small deformations the free energy minimum may almost always be approximated by a parabola, and because the tension is the derivative of free energy G (2. (27) for a discussion). Suppose, however, that the number of molecules in a membrane is not conserved and that there exists a pathway whereby a reservoir may exchange material with the membrane. We define the untensioned area Ao as the area which would be occupied by the molecules in the membrane at a given time if the membrane was not subject to a tension. In this case, a stretching -of--the membrane raises the internal free energy, and if the addition of a new molecule can relax that energy by an amount of energy greater than that required to take it from its 'reservoir' to the membrane, then new molecules would move into the membrane, increasing Ao in order to relax y (an example of Le Chatelier's principle). Further, the energy difference per unit area between the reservoir and the membrane would be the equilibrium surface free energy of the membrane (10, 27 ).
An elastic SSR will be time-independent if viscosity can be ignored. (In this case, the rapid initial increase in A in response to a sudden increase in tension shows that viscosity may be ignored over periods of1 s or more.) The time dependence of the SSR for a system in which a surface energy law obtains will be determined by the rate at which material can enter or leave the membrane. In a pertinent example, when a bilayer which is contiguous with an organic solvent phase is deformed, the deformation law is an elastic law if the deformations are rapid enough (high audio frequencies [26] ) but a surface energy law if the system has several seconds to equilibrate (27) .
We propose that a similar situation obtains in the plasma membrane of protoplasts: sufficiently rapid deformations follow an elastic law since there is not enough time for substantial exchange of materiaL but over longer periods, a dynamic equilibrium is established between material in the plane of the membrane and that in the reservoir. Thus, in addition to the intensive elastic stretching, there is also the capacity for an extensive area change. An increase in tension shifts the equilibrium so as to increase the amount of material in the membrane; a decrease in tension shifts it in favor of the reservoir. The time for equilibration (if any) is unknown, but is longer than 5 min when y = 4.00 mN m-l (Fig.   5 ).
We argue that the changes in area with time at constant tension represent changes in Ao as membrane material is transferred between the membrane and a reservoir. Thus, we divide the change in area into its elastic and extensive components by writing Ay AA(y,t) = -Ao + 8Ao(y,t) ( 
4) kA
In Figure 4 , the first term on the right is represented by the sudden changes in AA when the tension is changed, and the slower changes in A A represent A Ao. In Figure 6 , these terms are specifically indicated. The results in Figure 5 also imply a change in Ao. Rewriting Equation 4 gives Ay= [kA A(yt) -kA 8Ao(y,t) (5) Because A is kept constant, the term in square brackets is very nearly constant and so the decrease in y with time is a result of the increase in Ao. Taking time derivatives (d y kA ( tA) (6) ait) A k at the fractional rate of increase in Ao at this tension is about 1.2 x l0-4 S-1, which is in the same range as the rates measured in response to step increases in tension (Fig. 4) . If we assume that for very small changes in area in any cell aAo/at is only a function of tension, then because Figure 6 shows aA0/ot to be strongly dependent on -y, Equation 6 implies thataAo/at, the rate of incorporation of reservoir material into the membrane, increases rapidly with increasing tensions. Extrapolating to higher tensions, the capacity of the membrane to expand rapidly as the tension approaches that necessary for lysis will increase the probability that a protoplast will survive rapid osmotic expansion.
The observation that the tension required to maintain a given area relaxes with time suggests that over a sufficiently long time this membrane obeys a surface energy law, i.e. surface tension constant for all deformations. Such a result is implied by the results of Kosuge and Tazawa (12) (25) . That a 15% alteration in area (which is small compared to changes experienced during a freeze-thaw cycle) does not measurably alter yr (measured at equilibrium) requires that a homogeneous contraction have an area elastic modulus (kA) of<I mN m-'. In principle, a near-zero value of kA is possible for small contractions in a pure one-component lipid membrane exactly at its critical temperature. However, even small amounts of slightly different lipid species or very small concentrations of protein remove the phase transition anomalies and produce kA values 10 to 100 times larger than I mN m-i (2, 14) . The plasma membrane is composed of many different lipid and protein species and the phase transition of such a membrane is spread over several tens of degrees (17) and so only small contractions are possible at one temperature. Therefore, separate domains of 'frozen' lipids can contribute at most only part of the capacity to contract, and because of the nature of phase separations, this will be a reversible contraction. Therefore, on the basis of these and previous observations (28), we appeal to the existence of a reservoir of membrane area to absorb or provide membrane material during a contraction or expansion, respectively, to account for the extensive area change.
The existence of a reservoir in which molecules have a lower free energy than they would in a membrane at zero tension explains the ability of a membrane to reduce its area during osmotic contractions. Once volumetric contraction allows the membrane tension to relax to zero, molecules (or aggregates of molecules) move to the portion of the system with lower free energy. When a surface is in equilibrium with a reservoir and the molecular free energy difference is constant for all deformations, a surface energy law results, i.e. y constant for all areas. As we discuss below, the surface forces operating in a membrane are large, of the order of 100 mN m-i (10, 11, 27) . The observations that yr is unchanged (in the range 0.1 i 0.1 mN m-l) over an area range of + 15% indicates that a surface energy law is a good approximation to the SSR in the long term (many minutes).
The (resting) tension of a membrane in equilibrium with a reservoir is related to both the enthalpy and entropy of the process of transferring molecules from one to the other. Gruen and Wolfe (10) derive the tension in a one-component bilayer When y = 2 mN m-l, the slope of the plot in Figure 5 is approximately 3 x 10-2 mN m-' s-'. Therefore, from Equation 6,
Plant Physiol. Vol. 71, 1983 ,yr The first term in Equation 7 , the difference in chemical potential, represents a very complicated quantity; it will depend on the geometry of the reservoir aggregates and the environments of both, including ion concentrations and transmembrane electric fields. The second term is the contribution to the free energy of the communal entropy of membrane aggregates. This term indicates that, if all other variables are constant, yr will decrease for large reservoir concentration and increase ifsome change produces smaller aggregates. Values for this term are tabulated by Gruen and Wolfe (10) formed from or incorporated into the membrane. It seems unlikely that the very large, slow changes in membrane area could be predominantly intensive. We believe that an intensive contraction is responsible for the elastic changes in area, but it is difficult to imagine how such a contraction could be only slowly reversible. It is unlikely that the very large area changes sustained during osmotic manipulations are the result of similarly large changes in the membrane area density. Studies of protoplasts subjected to osmotic manipulations (22) indicate that large changes in area, up to 3-fold, are possible. The hydrocarbon tails of lipids have a very high volumetric modulus of elasticity (as does bulk liquid hydrocarbon) and so any intensive change in area in the bilayer regions of a membrane must involve a reciprocal change in the hydrocarbon thickness (11). It is difficult to imagine that a fluid mosaic membrane could sustain a 3-fold increase in area by undergoing a 3-fold area change in thickness.
This qualitative argument may be supported quantitatively, using crude arguments about bilayer mechanics. Following Israelachvili et al. (I 1) , let us assume that the equilibrium area density of a bilayer is determined by a balance between an attractive term due to the interfacial energy yi of the hydrocarbon and aqueous phases and an electrostatic repulsion between headgroups, yielding the free energy per molecule (g) g = yia + c/an (7b) where a is the area per molecule and c and n are parameters of the repulsion model. This yields a bilayer elastic modulus kA = 2(n + l)ya (7c) Taking n = 1 (that is, treating the headgroups as a two-dimensional van der Waals gas, but remarking that any model must have n 1 at the equilibrium area density) and putting yi equal to the alkane/water interfacial energy of 50 mJ m2 yields kA = 200 mN m-l, a value similar to that obtained in this study for the whole membrane (bilayer plus proteins). Thus, a 3-fold, intensive stretching would be expected to produce tensions of several hundred mN m ' (and several times kTin energy per molecule). In this study, membranes were found to lyse at about 5 mN m-'.
Submicroscopic folds, vesicles, and lipid bodies have been observed adjacent to the plasma membrane in ultrastructural studies of some tissues (1) . (Such folds would have to be stabilized by membrane-membrane attraction in order to sustain a finite tension.) Pleating or folding of the plasma membrane, however, is not observed in electron micrographs of osmotically contracted protoplasts (8) . We suggest that vesicles are likely candidates for the reservoir: though the external loss of vesicles large enough to be visible under the light microscope is only rarely observed during re-expansion of contracted protoplasts, submicroscopic vesicles, either internal or external, are more commonly present in electron micrographs. We note that the endocytosis of a vesicle of radius rv from a protoplast of radius R changes the area by a fraction (r,/R)2 and the volume by (r,/R)3 so that a substantial change in protoplast area could be thus achieved with negligible change in volume, and so this model for contraction is not in conflict with the observation that protoplasts behave as ideal osmometers (25) .
A reaction in which vesicles are continually exchanged with the plasma membrane will have kinetics which are strongly dependent on the tension in the membrane since a change in tension of 1 mN m-' changes the free energy per lipid molecule by 0.06 times the thermal energy (kT) (27) . For a vesicle of some thousands of molecules, this would imply a large change in the reaction free energy (10) . Figure 6 implies that in this system the incorporation rate is strongly dependent on y.
Our value of 230 mN m-1 for the area elastic modulus of the plasma membrane of protoplasts is smaller than that of the RBC, measured as 450 mN m-l by Evans and Waugh (7) . This is not surprising: the RBC has a reinforcing network ofspectrin, whereas the protoplast plasma membrane is here deprived of its usual reinforcement, the cell wall.
Wobschall ( The value of kA for a real membrane is expected to depend on its composition. kA will be much lower if different lipid phases coexist and will depend on the shape of the y-Tcomposition phase diagram (14). The effect of the presence of proteins will depend on their concentration, the extent to which the protein molecules themselves are laterally compressible, and the extent to which they change the compressibility of the neighboring lipids. This last effect is expected to be considerable if the lipids are in or near their phase coexistence range of temperatures and tensions (2, 27) . The experiments reported here were carried out at room temperature and so it is reasonable to suppose that in neither case was there a substantial amount of solid lipid phase in the membrane (17) . Though preliminary experiments showed no significant differences between kA of acclimated and nonacclimated protoplasts, it would be interesting to conduct similar experiments at lower temperatures to discover whether the elastic modulus of the membranes from nonacclimated plants decreases as higher melting point lipids become capable of phase transitions in response to changes in tension. This would be of particular interest since some researchers have reported an increase in the concentration oflipids with shorter or less saturated hydrocarbon chains in the membranes of plants during cold acclimation (20 and creates a large (several mN m-') tension. This induces a reincorporation of reservoir material. The area expansion rate is determined by the osmotic conditions, the cell size, and the hydraulic conductivity of the membrane. If reservoir incorporation can reach a rate which equals the required area expansion at tensions low enough to avoid lysis and if this rate may be maintained throughout the expansion, then the protoplast survives the expansion as observed in acclimated protoplasts (21) . That is, survival of a given contraction-expansion cycle depends on the extent of readily available material in the reservoir, and the rate at which it may be reincorporated.
Thus, in Figure 7 , protoplasts whose membranes were maintained under tension during volumetric contraction (surface area conserved) transferred little or no membrane material from the plasma membrane to the reservoir. In contrast, a considerable transfer occurred in the unconstrained protoplasts. When the protoplasts which remained under tension were returned to isotonic conditions, their plasma membranes still had sufficiently large area to surround the equilibrium isotonic volume. In contrast, when the unconstrained protoplasts were returned, the rate of re-incorporation of membrane material was slow compared to the influx of water, and so the intensive stretching component of the area enlargement increased till the tension was sufficient to lyse it. on the pipette lip (at several revolutions/s), suggesting that friction between membrane and glass was small. The accuracy of Equation 3 (which is equivalent to the validity of the assumption that V is constant) may be assesed directly in an experiment using a relatively large pipette to produce large (Alb) area deformations, and measuring d and D (Fig. 2) In practice, 8Ap is rather larger than 2/R(S Vp) so that the approximation that dV8/dA8 = R/2 is not critical.
The radius r of the spherical portion inside the pipette is given 
